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Several accurate analyses have revealed a statistically significant North-South ecliptic asymmetry
in the large-angle correlations strength of the Cosmic Microwave Background (CMB) radiation tem-
perature field data from the Wilkinson Microwave Anisotropy Probe (WMAP). This asymmetry is
inconsistent with the statistical isotropy expected in the concordance cosmological model ΛCDM. It
has been suggested that a possible cause-effect relationship exists between this large-angle anisotropy
and the anomalous CMB quadrupole-octopole planes alignment. In turn, this later phenomenon
(or both) would be a consequence of one or more of the following undesired effects in CMB data: a
systematic error in the data processing or in the instrument characterization, residual foregrounds,
and large-angle correlations induced by the incomplete sky CMB data (cut-sky masks are needed to
reject Galactic foregrounds). Here, it is proved that the North-South asymmetry is unrelated to the
quadrupole (ℓ = 2) and the octopole (ℓ = 3) properties because we find, at high confidence levels,
such large-angle anisotropy in three- and five-year WMAP CMB maps containing only the multipole
components 4 ≤ ℓ ≤ 10. The statistical significance depends on both, the CMB map analyzed as
well as the cut-sky mask applied to exclude foregrounds. In general, we obtain that the significance
level of the North-South asymmetry is less in five-year WMAP data with KQ75 (>∼ 90% CL) than it
is in three-year data with Kp0 (>∼ 96% CL). For instance, in the WMAP ILC-five-year map with the
KQ75 mask (a sky cut of 28.4%) this phenomenon is observed at 92.7% CL, whereas for the WMAP
ILC-three-year map with the Kp0 mask (a sky cut of 23.5%) this phenomenon appears at 96.5%
CL. Moreover, it is also shown that this hemispherical asymmetry is unlikely due to systematics
or foreground contaminants, because it is present in single-frequency, multifrequency, and cleaned
ILC-type CMB maps. Additionally, robustness tests show that the statistical significance of the
North-South asymmetry is affected by the use of the KQ85 and KQ75 masks in five-year single-
frequency WMAP CMB maps, whereas it is insensitive with respect to application of the Kp2 and
Kp0 masks in three-year single-frequency WMAP CMB maps. The confidence levels were obtained
using sets of Monte Carlo CMB maps produced according to the ΛCDM model.
PACS numbers: 98.80.Es, 98.65.Dx, 98.70.Vc
I. INTRODUCTION
The five-year data release from the Wilkinson Mi-
crowave Anisotropy Probe (WMAP) [1, 2, 3, 4, 5] have
recently confirmed the validity of the concordance cos-
mological model ΛCDM, which successfully describes the
contents and evolution of the Universe. These, almost
full-sky, precise cosmological data offer the unusual pos-
sibility to scrutinize the large-scale properties of the Uni-
verse, in particular those expected within this concor-
dance model. One of these features concerns the set
of Cosmic Microwave Background (CMB) radiation tem-
perature fluctuations which is assumed to be a stochas-
tic realization of a Gaussian random field, implying that
their angular distribution on the celestial sphere is sta-
tistically isotropic at all angular scales. Examinations of
the CMB maps from the first-year [6, 7, 8] and three-
year WMAP data [9, 10, 11] have revealed highly signifi-
cant departures from statistical isotropy, at large angular
scales. Evidences of anomalous large-angle anisotropies
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come from the power asymmetry of the CMB angular
correlations between the northern and southern ecliptic
hemispheres (hereafter NS-asymmetry), with indications
of a preferred axis of maximum hemispherical asymme-
try [12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26,
27, 28, 29, 30, 31, 32, 33, 34, 35] (for a different point of
view see, e.g., [36, 37, 38, 39, 40, 41]). Furthermore, other
manifestations of CMB large-angle anomalies include the
unlikely quadrupole-octopole planes alignment (referring
both to the strong planarity of these multipoles as well
as to the alignment between such planes [21, 22, 23, 42,
43, 44, 45]). Other unexpected results include deviations
from Gaussianity [46, 47, 48, 49, 50, 51, 52, 53].
Attempts to explain anomalous CMB phenomena have
also considered globally axisymmetric space-times [55,
56, 57, 58, 59, 60], motivated by the fact that CMB data
seem to indicate a preferred direction in the space. Other
studies, instead, have investigated physical mechanisms
that break statistical isotropy, or during the epoch of
inflation [61, 62, 63, 64, 65, 66] or during the decoupling
era [67, 68, 69, 70, 71, 72, 73], in order to account for two
(or more) large-angle CMB anomalies. The motivation
for searching a scenario that correlates two CMB anoma-
lies is to comprehend whether these phenomena have
2different causes or instead they are manifestations of a
unique effect. For this, a number of studies have searched
for a possible relationship between the NS-asymmetry
and the CMB quadrupole-octopole alignment phenom-
ena (see, e.g., [21, 29, 73, 74]).
Although the origin of these CMB anomalies remains
unknown, possible sources include CMB residual fore-
grounds [75, 76, 77, 78, 79, 80, 81], and systematic er-
rors [19, 22, 82, 83]. In particular, there are indications
that unremoved contaminants [84] or omitted systemat-
ics [85] could be influencing the reconstruction of the
CMB quadrupole and octopole. Moreover, the WMAP
cut-sky masks used to remove residual foregrounds prob-
ably induce spurious large-angle correlations, producing
forged low-order CMB multipoles [86]. Thereby efforts
are being done by the WMAP science team to improve
the data processing by minimizing the effects caused by
foregrounds and systematic errors [2, 10].
Here we show that the NS-asymmetry phenomenon is
not related to the CMB’s quadrupole or octopole compo-
nents. To obtain this result we perform a two-point angu-
lar correlations analysis in an array of large-angle spheri-
cal caps that scan the CMB sky, where the WMAP maps
investigated have their corresponding quadrupole and oc-
topole components removed. The outline of this paper
is the following. In Sec. II, we present the geometrical-
statistical method, termed sigma map, that led us to in-
vestigate the directional angular correlations strength in
a set of WMAP CMB maps. In Sec. III we first discuss
the maps to be analyzed, after that we apply our method
to these CMB data, where the statistical confidence is
evaluated according to Monte Carlo maps produced ac-
cording to the ΛCDM model. Finally, in Sec. IV, we
formulate our conclusions and final remarks.
II. THE 2PACF AND THE SIGMA-MAP
METHOD
Our method to investigate the large-scale angular cor-
relations in CMB temperature fluctuations maps consists
in the computation of the 2-point angular correlation
function (2PACF) [88] in a set of spherical caps cover-
ing the celestial sphere.
Let ΩJγ0 ≡ Ω(θJ , φJ ; γ0) ⊂ S
2 be a spherical cap re-
gion on the celestial sphere, of γ0 degrees of aperture,
with vertex at the J-th pixel, J = 1, . . . , Ncaps, where
(θJ , φJ) are the angular coordinates of the J-th pixel’s
center. Both, the number of spherical caps Ncaps and
the coordinates of their centers (θJ , φJ) are defined us-
ing the HEALPix pixelization scheme [87]. The union of
the Ncaps spherical caps covers completely the celestial
sphere S2.
Given a pixelized CMB map, the 2PACF of the tem-
perature fluctuations δT corresponding to the pixels lo-
cated in the spherical cap ΩJγ0 is defined by [88]
C(γ)J ≡ 〈 δT (θi, φi)δT (θi′ , φi′ ) 〉 , (1)
where cos γ = cos θi cos θi′ + sin θi sin θi′ cos(φi − φi′ ),
and γ ∈ (0, 2γ0] is the angular distance between the
i-th and the i′-th pixels centers. The average 〈 〉
in the above equation is done over all the products
δT (θi, φi)δT (θi′ , φi′) such that γk ≡ γ ∈ ((k−1)δ, kδ], for
k = 1, ..., Nbins, where δ ≡ 2γ0/Nbins is the bin-width.
We denote by CJk ≡ C(γk)
J the value of the 2PACF for
the angular distances γk ∈ ((k−1)δ, kδ]. Define now the
scalar function σ : ΩJγ0 ⊂ S
2 7→ ℜ+, for J = 1, . . . , Ncaps,
which assigns to the J-cap, centered at (θJ , φJ), a real
positive number σJ ≡ σ(θJ , φJ ) ∈ ℜ
+. The most natural
way of defining a measure σ is through the variance of
the CJk function [31],
σ2J ≡
1
Nbins
Nbins∑
k=1
(CJk )
2 . (2)
To obtain a quantitative measure of the angular correla-
tions in a CMB map, we cover the celestial sphere with
Ncaps spherical caps, and calculate the set of sigma values
{σJ , J = 1, ..., Ncaps} using Eq. (2). Associating the J-
th sigma value σJ to the J-th pixel, for J = 1, . . . , Ncaps,
one fills the celestial sphere with positive real numbers,
and according to a linear scale (where σminimum → blue,
σmaximum → red), one converts this numbered map into
a colored map: this is the sigma map. Finally, we find
the multipole components of a sigma map by calculat-
ing its angular power spectrum. In fact, given a sigma
map one can expand σ = σ(θ, φ) in spherical harmonics:
σ(θ, φ) =
∑
ℓ,mAℓmYℓm(θ, φ). Then, the set of values
{Sℓ, ℓ = 1, 2, ...}, where Sℓ ≡ (1/(2ℓ+1))
∑ℓ
m=-ℓ |Aℓm|
2,
give the angular power spectrum of the sigma map.
A power spectrum SWMAPℓ of a sigma map computed
from a given WMAP map, provides quantitative infor-
mation about large-angle anisotropy features of such a
CMB map when compared with the mean of sigma-map
power spectra obtained from Monte Carlo CMB maps
produced under the statistical isotropy hypothesis. As
we shall see, the sigma-map analysis is a suitable tool
to reveal large-angle anisotropies in CMB maps, like the
NS-asymmetry.
III. CMB ANALYSES WITH THE SIGMA MAP
In this section, we apply the sigma-map method to
study the large-angle correlations in a set of single- and
multifrequency CMB temperature fluctuations maps, all
coming from the three-year and five-year WMAP data.
A. The WMAP data
The WMAP science team made substantial efforts to
improve the data products by minimizing the contami-
nating effects caused by diffuse Galactic foregrounds, as-
trophysical point sources, artifacts from the instruments
3and measurement process, and systematic errors [2, 10].
As a result, it has been released as the single-frequency
CMB foreground-reduced Q-, V-, and W-band maps cor-
responding to the less contaminated frequencies centered
at 41, 61, and 94 GHz, respectively (hereafter the Q-
5yr, V-5yr, and W-5yr maps, respectively), and an Inter-
nal Linear Combination (ILC-5yr) full-sky CMB map [9].
Moreover, the eight foreground-reduced differencing as-
semblies (two in the Q-band, two in the V-band, and
four in the W-band) can be combined using inverse-
noise-variance weights to produce multifrequency CMB
maps, like the QVW and the VW coadded maps, here-
after termed QVW-5yr and VW-5yr maps [8]. The corre-
sponding three-year maps are the Q-3yr, V-3yr, W-3yr,
ILC-3yr, QVW-3yr, and VW-3yr CMB maps [9]. In ad-
dition to these maps, other teams have also produced full-
sky cleaned CMB maps using the unprocessed three-year
and five-year data through different foreground cleaning
tools, that is, the de Oliveira-Costa-Tegmark [77], the
Park-Park-Gott [23], and the Kim-Naselsky-Christensen
CMB maps [89], hereafter termed the OT-3yr, PPG-3yr,
and KNC-5yr, respectively.
In order to validate our sigma-map results we shall
estimate their sensitivity to the following effects, which
are possible sources of large-angle anomalies in WMAP
data: (i) residual foregrounds, (ii) masking applica-
tions, (iii) systematic errors (coming from, e.g., in-
strument noise, foreground-minimization process, time-
ordered data analysis, etc.). Regarding the issue (i), we
know that the Galactic foregrounds are frequency depen-
dent [7]. For this reason the study of the individual
frequency CMB maps, that is the foreground-reduced
Q, V, and W three- and five-year maps are essential
to detect the possible contribution of Galactic contam-
inants in our results. Moreover, following the WMAP
science team recommendation to reject foregrounds con-
tamination in temperature analyses in five-year (three-
year) data we use the Galactic mask KQ85 (Kp2), which
cuts 18.3% (15.4%) of the sky data [2, 4]. Regarding is-
sue (ii), we shall test the sensitivity of our results due to
the masking application by comparing the effects due to
the more severe five-year KQ75 (three-year Kp0) mask,
which cuts 28.4% (23.5%) of the sky data, with respect
to the KQ85 (Kp2) mask. Regarding issue (iii), we
know that (large-angle) systematic effects leave (large-
angle) imprints in the CMB maps [1, 2, 3, 10]. Because
we are investigating a large-scale anisotropy, that is the
NS-asymmetry phenomenon, we intend to avoid possi-
ble large-angle systematic effects. According to recent
reports the quadrupole and the octopole CMB compo-
nents could be contaminated with systematics, e.g., in
the time-ordered data analyses [19, 22, 85], or due to
the masking procedures [86]. Furthermore, systemat-
ics could also appear in the foreground-decontamination
processes [80, 81, 82, 83, 84]. For these reasons, we
study the large-scale properties of the CMB tempera-
ture field in WMAP data containing just the multipoles
4 ≤ ℓ ≤ 10, that is, removing the quadrupole (ℓ = 2) and
the octopole (ℓ = 3) CMB components. Moreover, we
investigate all the publicly available cleaned maps just
to exclude the possibility that a particular foreground-
minimization process is introducing systematic effects in
the data.
Our aim is to investigate the large-scale angular dis-
tribution of the CMB temperature fluctuations. Given
a CMB map, we shall concentrate on the submap con-
taining the set of multipole components 4 ≤ ℓ ≤ 10. To
produce this submap, containing the CMB temperature
fluctuations information at these angular scales, we first
use the anafast code [87] to obtain, after applying a
cut-sky mask, the {aℓm} values corresponding to these
multipoles. Then, using the synfast code [87], we use
this set {aℓm} to make up the CMB map. We empha-
size that, all the CMB maps here investigated using the
sigma-map analysis only contain the multipole compo-
nents 4 ≤ ℓ ≤ 10, and we adopt the following notation:
for instance, the ILC-5yr-KQ85 map is obtained from the
ILC-5yr CMB map by selecting, after applying the KQ85
mask, those multipoles in the range 4 ≤ ℓ ≤ 10.
We generate one set of 1 000 Monte Carlo CMB maps
(MC) which correspond to random realizations seeded by
the ΛCDM angular power spectra [4], with Nside = 512,
and ℓmax = 1 024. From this MC set we produced two
sets of 1 000 MC each for the multipole range 4 ≤ ℓ ≤ 10
after using the KQ85 and KQ75 masks, respectively. The
statistical significance analyses come from the compari-
son between the angular power spectra of the sigma maps
obtained from the WMAP data (hereafter sigma-maps
WMAP) and the corresponding angular power spectra
calculated from the sigma maps computed from the MC
CMB maps (hereafter sigma-maps MC).
B. Data analyses with the KQ85 and KQ75 masks
Our objective here is to produce the sigma-maps
WMAP for each of the five-year (three-year) WMAP
maps mentioned above, containing the multipoles 4 ≤
ℓ ≤ 10 obtained after using the KQ85 (Kp2) cut-sky
mask. After the calculation of the sigma-maps WMAP
we compute their corresponding angular power spectra
{Sℓ, ℓ = 1, ..., 5} in order to quantify, by comparison with
the corresponding set of sigma-maps MC, if they are con-
sistent, or not, with statistically isotropic ΛCDM CMB
maps.
To illustrate our results we show in Fig. 1 (Fig. 2),
from top to bottom, the ILC-5yr-KQ85 (ILC-5yr-KQ75)
CMB map, and its corresponding sigma-maps WMAP,
computed for three different γ0 values, that is, γ0 =
30◦, 45◦, 60◦. As we observe, these sigma-maps WMAP
clearly exhibit a dipolar red-blue region strongly indica-
tive of a large-angle asymmetry in the distribution of the
angular correlations, the so-called NS-asymmetry phe-
nomenon (in all sky maps we have used Galactic co-
ordinates where the equator is defined by the latitude
b = 90◦, with the Galactic center (l, b) = (0, 90◦) in the
4middle of the figure, and the longitude l increases to the
left).
To quantify this NS-asymmetry in the sigma-maps-
WMAP-KQ85 and sigma-maps-WMAP-5yr-KQ75, we
calculate their angular power spectra, and then evalu-
ate their statistical significance by comparison with the
corresponding sigma-maps MC’s angular power spectra.
Our results appear in the top-panel plots of Figs. 3 and 4
corresponding to the WMAP-KQ85 and WMAP-5yr-
KQ75 cases, respectively, where solid lines represent the
mean values obtained from sigma-maps MC and dashed
lines represent the 95% CL from these data. In each case
the MC data contain the multipoles 4 ≤ ℓ ≤ 10 obtained
after applying the corresponding KQ85 or KQ75 cut-sky
mask. Notice that in Figs. 3 and 4 the symbols represent-
ing data from three-year sigma-maps WMAP are plotted
(in red) close to the vertical axis, while the symbols repre-
senting data from the five-year sigma-maps WMAP are
plotted (in blue) slightly shifted to the right. This is
done in order to observe the differences outcoming from
distinct data releases. For illustration, in the bottom
panels of Figs. 3 and 4 we plotted the dipole components
of the sigma-map-ILC-5yr KQ85 and sigma-map-ILC-5yr
KQ75, respectively, where we observe that both dipoles
point nearly in the same direction (l, b) ≃ (180◦, 130◦),
which means that this result is stable with respect to the
choice of the KQ85 and KQ75 Galactic masks.
The sigma-maps WMAP angular power spectra shown
at the top panels of Figs. 3 and 4, were obtained us-
ing spherical caps of aperture γ0 = 45
◦, Nbins = 45,
and Ncaps = 768. For calculating the sigma maps we
used CMB maps with pixelization parameter Nside = 32.
Concerning the robustness of our results, we studied the
effects of changing various parameters employed in the
calculation of the sigma maps. Our tests included the
computation of the sigma maps using spherical caps of
γ0 = 30
◦, 45◦, 60◦ of aperture, also considering different
Nbins = 45, 90, 120 values, and Ncaps = 768, 3 072.
Additionally, we also studied the influence of the an-
gular resolution of the CMB maps by computing the
sigma-maps WMAP with different pixelizations parame-
ter, namely Nside = 16, 32. We found that the sigma-
maps WMAP as well as their corresponding angular
power spectra calculated in these cases are completely
similar to those results exhibit in Figs. 3 and 4.
Examining data from the sigma-maps-WMAP KQ85,
shown in the top panel of Fig. 3, we observe that the Q-
3yr (bullet), V-3yr (asterisk), and W-3yr (star) data do
not show significative differences between them, but the
Q-5yr (bullet), V-5yr (asterisk), and W-5yr (star) data
exhibit very different dipole values. In fact, the confi-
dence level values for the dipole values S
Q-3yr
1 , S
V-3yr
1 ,
S
W-3yr
1 are 95.1%, 95.7%, and 95.9% CL, respectively,
whereas for S
Q-5yr
1 , S
V-5yr
1 , S
W-5yr
1 are 85.9%, 95.8%, and
99.5% CL, respectively. These differences in WMAP-
KQ85 five-year data suggest the presence of residual fore-
grounds in Q-5yr, V-5yr, and W-5yr maps. On the other
hand, the Q-3yr, V-3yr, and W-3yr maps appear to be
foreground cleaned enough. Nevertheless, the quantita-
tive analysis shown at the top panel of Fig. 3 confirms the
NS-asymmetry phenomenon, at 95% − 99% CL, for all
(except one of) the WMAP-KQ85 CMB maps analyzed.
The exception is due to the Q-5yr-KQ85 map. We em-
phasize that these results are independent of the CMB
quadrupole (ℓ = 2) and octopole (ℓ = 3) components be-
cause they were completely removed before we began our
analyses.
Regarding the quantitative sigma-map analysis for the
WMAP-KQ75 CMB maps, top panel of Fig. 4, we verify
that the NS-asymmetry phenomenon is present, at more
than 98% CL, in all the single, multifrequency, and ILC-
type WMAP-3yr-Kp0 maps and also in the KNC-5yr-
KQ75 foreground cleaned map. In all the other WMAP-
5yr-KQ75 maps the NS-asymmetry phenomenon appears
with a lower statistical significance. It is worth noting,
again, that the dipole values S1 from single frequency
Q-, V-, W-5yr-KQ75 maps are disperse, on the contrary,
again, the dipole values S1 from single frequency Q-, V-,
W-3yr-Kp0 maps are clustered, a distinct behavior that
suggests the presence of residual foregrounds, deserving
further analysis.
The possibility that foregrounds were not completely
removed with the application of the KQ85 mask motivate
further analysis of the WMAP data through the use of
the more severe cut-sky KQ75 mask. Analyzing our re-
sults from the sigma-maps-WMAP-5yr KQ75 and sigma-
maps-WMAP-3yr Kp0, shown in the top panel of Fig. 4,
we observe that the confidence level for the dipole val-
ues SQ-3yr1 , S
V-3yr
1 , S
W-3yr
1 are 95.6%, 96.3%, and 96.7%
CL, respectively, whereas for S
Q-5yr
1 , S
V-5yr
1 , S
W-5yr
1 are
89.2%, 90.9%, and 93.7% CL, respectively. We observe
that the application of the more severe KQ75 cut-sky
mask produces a lower dispersion of the confidence levels
for these dipoles (mean = 91.3± 2.3% CL) as compared
with the KQ85 mask case (mean = 93.7± 7.0% CL), but
it is still large as compared with the WMAP-3yr case.
In fact, the dipole terms corresponding to the single-
frequency Q-3yr, V-3yr, and W-3yr WMAP maps have
their mean and standard deviation: 96.2± 0.6% CL and
95.6±0.4% CL for the Kp0 and Kp2 masks, respectively.
This later result reveals two important consequences re-
garding the single-frequency WMAP-3yr maps: first,
these CMB maps appear sufficiently foreground cleaned,
and second, the NS-asymmetry phenomenon exhibited in
three-year WMAP data is robust with respect to the Kp0
and Kp2 masks. From other side, the masking-dependent
and disperse results achieved in the analysis of the single-
frequency Q-5yr, V-5yr, and W-5yr maps could indicate
possible unremoved foregrounds, regardless of the severe
KQ75 mask applied.
Additionally, a close inspection of the data plotted in
the top panel of Fig. 4 reveals another interesting fea-
ture concerning the WMAP-ILC maps and the applied
masks. We notice that the statistical significance for the
dipole value of the sigma-map-ILC-5yr KQ75 is 92.7%
5CL, whereas for the dipole value of the sigma-map-ILC-
5yr Kp0 is 96.5% CL, which shows a ∼ 4% difference.
From other side, one verifies that the ILC-5yr-KQ75 and
ILC-3yr-Kp0 CMB maps are fully similar as revealed
by the Pearson’s correlation coefficient: 0.985180 and
0.985466, for the CMB data outside the KQ75 and Kp0
masks, respectively, which are only ∼ 0.03% different.
The question is, why highly correlated CMB maps give
such dissimilar (sigma-map) results? The answer involves
a twofold aspect of a given mask: the amount of the sky
cutted by the mask and the location of the sky-patch
cutted. These important issues, related to the robust-
ness of our results, motivate a masking-effect analysis on
the angular power spectra of the sigma-maps WMAP.
C. Masking-effect analysis: KQ75 versus Kp0
Observing the data plotted in the top panel of Fig. 4,
one realizes that the spectra from sigma-map-3yr-Kp0
data have consistently larger values than the spectra from
sigma-map-5yr KQ75. This fact could be indicating a
systematic effect due to the different masks, KQ75 and
Kp0, employed in these calculations. Clearly, the use
of these two masks involves two effects: the different
amount of cutted sky, of ∼ 5% between the KQ75 and
Kp0 masks, and the sky location of the cutted patch. A
consequence of the first effect is that different sky regions
with CMB data are being considered to make up the
WMAP-KQ75 and WMAP-Kp0 maps, which implies dis-
tinct contributions into their corresponding sigma maps;
a consequence of the second effect is that depending
on the location of the cutted region, the calculation of
the 2PACF for the sigma map could be strengthened or
weakened. In both cases, we are introducing (positive or
negative) spurious correlations in the sigma maps whose
influence on our results need to be examined. The study
of the masking effects on the sigma maps is connected
with the second issue mentioned in III A.
For this, we perform a comparative sigma-map anal-
ysis of the four CMB maps: ILC-3yr-KQ75, ILC-3yr-
Kp0, ILC-5yr-KQ75, and ILC-5yr-Kp0. In other words,
we shall test the sensitivity of the ILC-3yr and ILC-
5yr CMB maps to the effect of interchanging the use of
KQ75 and Kp0 masks to obtain the multipoles compo-
nents 4 ≤ ℓ ≤ 10. Our results are shown in Fig. 5. In the
top panel we plot the sigma-map spectra of these four
CMB maps, that is, {SILC-3yr-KQ75ℓ }, {S
ILC-3yr-Kp0
ℓ },
{S
ILC-5yr-KQ75
ℓ }, and {S
ILC-5yr-Kp0
ℓ }, represented as cir-
cle, filled-circle, square, and filled-square symbols, re-
spectively. Our results show
S
ILC-3yr-KQ75
ℓ ≃ S
ILC-5yr-KQ75
ℓ ,
S
ILC-5yr-Kp0
ℓ ≃ S
ILC-3yr-Kp0
ℓ ,
proving that the main reason (if not the unique one) for
the different spectra values corresponding to the three-
and five-year sigma-maps ILC is the distinct cut-sky area
defined by the KQ75 and Kp0 masks. Additionally, we
find it interesting to know the contrasting effect produced
by these two masks in the sigma-map-ILC-5yr KQ75 and
sigma-map-ILC-5yr Kp0. For this we present at the bot-
tom panel of Fig. 5 the difference map: sigma-map-ILC-
5yr Kp0 minus sigma-map-ILC-5yr KQ75, which clearly
reveals through its red-intense spots that the application
of different masks has a significant impact on the detec-
tion of the NS-asymmetry phenomenon (the correspond-
ing difference map for ILC-3yr case is fully similar). Ob-
serving this difference map we understand why the use
of the KQ75 mask decreases the statistical significance of
the NS-asymmetry phenomenon: this mask cuts a sky-
patch that turns out to be critical for the computation
of the large-scale 2PACF in the sigma-maps.
To illustrate the full-sky case, that is a sigma-map
analysis of the foreground-cleaned ILC-5yr CMB map
with multipoles 4 ≤ ℓ ≤ 10 obtained without using a
mask, we show in Fig. 6 the sigma-map-ILC-5yr (top
panel) and its corresponding dipole term (bottom panel).
The statistical significance of this sigma-map-ILC 5yr, as
compared with 1 000 sigma-maps MC obtained from an
equal number of full-sky ΛCDM MC-ℓ4−10 CMB maps,
is 95.8% CL.
IV. CONCLUSIONS
We investigated a set of foregrounds-reduced and
systematics-cleaned single-frequency, multifrequency,
and ILC-type CMB maps from three- and five-year
WMAP data. We performed the sigma-maps analyses
of these CMB maps at large-angles corresponding to the
multipoles range 4 ≤ ℓ ≤ 10, and for different three-
and five-year WMAP cut-sky masks, that is Kp2, Kp0,
KQ85, and KQ75.
We found that the single-frequency Q-3yr, V-3yr and
W-3yr WMAP maps show, independently of the mask
(Kp2 or Kp0) used to obtain the multipoles 4 ≤ ℓ ≤ 10,
the same sigma-map angular power spectra with con-
fidence level ∼ 96% in all the cases (see in the top
panel of Fig. 3, symbols plotted close to the vertical
line). This result indicates, at least concerning the sigma-
map analysis, that the single-frequency Q-3yr, V-3yr,
and W-3yr maps are reasonable foreground cleaned. As
a consequence, the multifrequency CMB maps, that is
VW, QVW, and ILC-type, produced with these single-
frequency maps behaves accordingly. For the WMAP-
5yr-KQ85 data (see in the top panel of Fig. 3, symbols
plotted slighty shifted to the right) we found in all, but
one, of these CMB maps, at 95% − 99% CL, an uneven
hemispherical distribution in the intensity of the two-
point large-angle temperature correlations. The excep-
tional case refers to the Q-5yr map. On the contrary the
single-frequency Q-5yr, V-5yr and W-5yr WMAP maps
exhibit a disparate behavior as seen in their correspond-
ing sigma-map angular power spectra, in both KQ85 and
KQ75 mask cases. This probably suggests that these
6CMB maps have residual foregrounds that diminish but
are not fully eliminated with the use of the more severe
KQ75 mask.
We also notice, despite that the ILC-5yr-KQ75 and
the ILC-3yr-Kp0 CMB maps are fully correlated (Pear-
son’s correlation coefficient: 0.985180 and 0.985466, for
the CMB data outside the KQ75 and Kp0 masks) their
corresponding sigma maps are not so much. This fact
motivated a detailed examination of the masking effects
on the sigma-map angular power spectra. To estimate
the influence of the different masks employed we cal-
culate the sigma maps for the ILC-3yr CMB map ob-
tained after applying the five-year KQ75 mask, and for
the ILC-5yr CMB map after applying the three-year Kp0
mask. The angular power spectra of sigma-map-3yr-
KQ75, sigma-map-3yr-Kp0, sigma-map-5yr-KQ75, and
sigma-map-5yr-Kp0 data are shown in the top panel of
Fig. 5. We conclude that the KQ75 mask, as compared
with Kp0, has a significant impact on the detection of
the NS-asymmetry phenomenon decreasing its statisti-
cal significance. In fact, the KQ75 mask cuts a sky
patch that turns out to be critical for the computation
of the large-scale 2PACF in the sigma maps (as revealed
by the difference map: sigma-map-ILC-5yr Kp0 minus
sigma-map-ILC-5yr KQ75, plotted at the bottom panel
of Fig. 5).
Summarizing, first, our results prove that the NS-
asymmetry phenomenon is present at the large angular
scales defined by the CMB multipoles 4 ≤ ℓ ≤ 10, at
a high significance level, in a set of single and multi-
frequency CMB maps from three- and five-year WMAP
data, where the statistical significance depends on both,
the CMB map analyzed as well as the cut-sky mask ap-
plied to exclude foregrounds. In general, we obtain that
the NS-asymmetry is statistically less significant in five-
year WMAP data with KQ75 (>∼ 90% CL) than it is in
three-year data with Kp0 (>∼ 96% CL). For instance, in
the ILC-5yr-KQ75 map the NS-asymmetry is observed
at 92.7% CL, whereas in the ILC-3yr-Kp0 map this phe-
nomenon appears at 96.5% CL. Second, these results
also show that the NS-asymmetry in WMAP maps is
unrelated to the quadrupole and octopole CMB compo-
nents because they were removed from the CMB maps
in our analysis. Third, due to the whole set of sensi-
tivity tests performed our results strongly suggest that
this hemispherical power asymmetry, is unlikely corre-
lated with spurious phenomena like residual foregrounds,
masking applications, or known systematic effects. Ad-
ditionally, we found that the statistical significance of
the NS-asymmetry phenomenon is affected by the use of
the KQ85 and KQ75 masks in five-year single-frequency
WMAP CMB maps, whereas it is insensitive with re-
spect to application of the Kp2 and Kp0 masks in three-
year single-frequency WMAP CMB maps. Moreover, we
also examined satisfactorily the robustness of our results
under several parameters used in the application of the
sigma-map method. The statistical significance of the
sigma-maps-WMAP angular power spectra were calcu-
lated by comparing them against those obtained from
1 000 Monte Carlo CMB maps produced in agreement
with the WMAP ΛCDM concordance model [4]. Finally,
as an illustrative case, we also performed the sigma-map
analysis for the full-sky ILC-5yr-ℓ4−10 CMB map, where
we find the NS-asymmetry phenomenon at 95.8% CL for
the angular scales 4 ≤ ℓ ≤ 10, a result that is indepen-
dent of the quadrupole and octopole CMB components.
For completeness, we plot in Fig. 6 the sigma-map-ILC-
5yr-ℓ4−10 (top panel) and its corresponding dipole term
(bottom panel), which reveals that the NS-asymmetry
axis for the ILC-5yr-ℓ4−10 map points along the direc-
tion (l, b) ≃ (220◦, 120◦).
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maps are plotted (in red) close to the vertical axis, while the
symbols representing data from the five-year WMAP maps
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tom: This is the dipole term of the sigma-maps-ILC-5yr KQ85
obtained with γ0 = 45
◦ (actually the γ0 = 30
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are similar), where we observe that it points in the direction
(l, b) ≃ (190◦, 130◦).
FIG. 4: Top: Angular power spectra Sℓ of the sigma-maps-
WMAP-KQ75-ℓ4−10 compared with the mean (solid line) and
their corresponding 95% CL (dashed line) of 1 000 sigma-maps
MC, obtained from an equal number of MC-KQ75-ℓ4−10 CMB
maps. The symbols representing data from three-year WMAP
maps are plotted (in red) close to the vertical axis, while the
symbols representing data from the five-year WMAP maps
are plotted (in blue) slightly shifted to the right. The Q,
V, W, VW, QVW, OT, PPG, KNC, and ILC CMB maps
are represented by the bullet, asterisk, star, triangle, circle,
nabla,×, diamond, and + symbols, respectively. We observe
that the NS-asymmetry phenomenon in WMAP CMB maps
is revealed at more than 98% CL, in all the single, multi-
frequency, and ILC-type WMAP-3yr-Kp0 maps and also in
the KNC-5yr-KQ75 foreground-cleaned map. However, in all
the other sigma-maps-WMAP-5yr-KQ75 maps the statistical
significance is lower, and this matter has been suitably ana-
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sigma-maps-ILC-5yr KQ75 obtained with γ0 = 45
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9FIG. 5: Top: Sigma-map angular power spectra of the an-
alyze CMB maps: ILC-3yr-KQ75, ILC-3yr-Kp0, ILC-5yr-
KQ75, and ILC-5yr-Kp0, represented as circle, filled-circle
(or bullet), square, and filled-square symbols, respectively.
These results show that S
ILC-3yr-KQ75
ℓ
≃ S
ILC-5yr-KQ75
ℓ
and
S
ILC-5yr-Kp0
ℓ
≃ S
ILC-3yr-Kp0
ℓ
, demonstrating that the main
reason for the different statistical significance found in Fig. 4
for the sigma-map-ILC-3yr and sigma-map-ILC-5yr is due to
the distinct cut-sky area defined by the KQ75 and Kp0 masks.
In fact, the NS-asymmetry phenomenon is present, at more
than 96% CL, in those maps where the Kp0 mask has been
applied (i.e., the ILC-3yr-Kp0 and ILC-5yr-Kp0 CMB maps).
Bottom: This is the difference map: sigma-map-ILC-5yr-
Kp0 minus sigma-map-ILC-5yr-KQ75, which clearly reveals
through its red-intense spots that the application of different
masks has a significant impact on the detection of the NS-
asymmetry phenomenon: the KQ75 mask cuts a sky patch
that turns out to be critical for the computation of the large-
scale 2PACF in the sigma-maps.
FIG. 6: For illustration we show the sigma-map-ILC-5yr-
ℓ4−10 computed from the WMAP-ILC-5yr full-sky CMB map
(top panel) and its corresponding dipole term (bottom panel).
Observe that this dipole term is pointing in the direction
(l, b) ≃ (220◦, 120◦).
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